Abstract. In this paper the efficiency of two organic corrosion inhibitors, a migratory and an admixture inhibitor, was evaluated by electrochemical techniques in solutions simulating the interstitial electrolyte of concrete and on concrete slabs exposed to natural environmental conditions over a five-year period. From obtained results, the usefulness of the two products is discussed aiming its application in new structures to prevent chlorides induced corrosion and as a curative method for repairing reinforced concrete structures contaminated with chlorides and affected by reinforcement corrosion.
Introduction
Corrosion of reinforcement in marine environments is the prevailing cause for premature deterioration of reinforced concrete (RC) structures. The factors that may influence the initiation of corrosion are fairly well known and preventive procedures to extend this period have been implemented on new structures. For RC structures already affected by reinforcement corrosion, several rehabilitation methods have been proposed to extend the service life of such structures. The rehabilitation methodologies include the removal of contaminated concrete, the use of cathodic protection, coatings, the addition of corrosion inhibitors and a combination of these methods.
In the last three decades, several inhibitors have been proposed and are already available in the market to reduce the corrosion rate of steel in concrete [1] [2] [3] [4] [5] [6] [7] [8] [9] . Corrosion inhibitors used in concrete may be inorganic, organic or both. The inhibition mechanisms of these substances are still not very clear. Some inorganic-inhibiting compounds are believed to act as anodic inhibitors, by increasing the rate of formation of an oxide film barrier on the reinforcing steel surface [10] . The organic inhibitors are often amines, alkanolamines (AMA) and their salts with organic and inorganic acids. It has been suggested that these inhibitors usually act as mixed inhibitors suppressing both the anodic and the cathodic reactions due to the formation of a protective film at the steel-concrete interface [1] . They have been widely applied and have rapidly established themselves in the market since they are non toxic and are cost attractive. Furthermore, amines and alkanolamines inhibitors can be used either as concrete admixtures or in repair products for existing structures. However, there is still some controversy regarding its efficiency.
In new RC structures, corrosion inhibitors are used as a preventive measure. They are introduced during concreting, as admixtures, and are in direct contact with steel. In existing RC structures contaminated with chlorides, corrosion inhibitors are applied on the surface of the hardened concrete and must penetrate through the concrete cover to reach the rebars. The penetrability and the transport mechanism of AMA inhibitors through the concrete cover is still unknown [3] as well as the chloride content above which the deterioration of the inhibitor films may occur, leading to the loss of their protective proprieties. Furthermore, only a few studies on its long-term efficiency have been performed and the deterioration of inhibitor properties with time is not yet well known [1, 2] . This paper presents the results of a five-year research on the inhibitive effectiveness of two commercial AMA-based corrosion inhibitors, a migratory and an admixture inhibitor. The studies were carried out on reinforced concrete slabs and on simulated concrete pore solutions contaminated with different concentrations of sodium chloride. The corrosion activity of the embedded steel, either in concrete or in simulated pore solution, was monitored periodically by electrochemical techniques. Penetration depths of the migratory inhibitor in concrete were evaluated by SEM/EDS and by IR spectroscopy.
Experimental Procedure
Solution Tests. The study was carried out in simulated concrete pore solution prepared according to ASTM G180-07 (Standard test method for initial screening of corrosion inhibiting admixtures for steel in concrete). Three solutions were prepared, C1 (without inhibitor), C2 (with migratory inhibitor) and C3 (with admixture inhibitor). For all the solutions, NaCl was present at a concentration of 1%. Inhibitors were added according to manufacturers indications. The admixture inhibitor (C3) was added before adding the chlorides and the migratory inhibitor (C2) after the addition of chlorides. After 50 h of steel exposure, the concentration of chlorides was increased to 3%.
Corrosion rate was evaluated through corrosion current density measurements (i corr ). i corr were obtained from polarization resistance using the Stern-Geary equation: i corr =B/R p , in which R p represents polarization resistance in Ω.cm 2 and B is a constant resulting from a combination of the anodic and cathodic Tafel slopes. The B value for reinforced concrete was determined by means of calibration against mass loss measurements, the recommended value being 0.026 V [11, 12] . R p measurements were performed in especially designed sensors ( Fig. 1 ) using a Voltalab PGZ 301 potentiostat. A simple three-electrode arrangement was used consisting of a carbon steel working electrode (WE), a stainless steel counter electrode (CE) and an activated titanium reference electrode (REF). The reference electrode was positioned next to the working electrode to minimize ohmic drop. Delimitation of the working electrode area and protection of electric contacts were achieved with a two component epoxy resin. For each condition, six sensors were used. Concrete Tests. Six small reinforced concrete slabs were prepared with a water-to-cement ratio of 0,65 concrete, with 220 mm  220 mm  80 mm dimensions and with 15 mm of concrete cover. Mix proportion is presented in Table 1 . Two slabs were prepared using the admixture inhibitor in dosage suggested by the manufacturer. The corrosion of rebars was initiated by submitting the specimens to a controlled wetting and drying regime, in a 3% NaCl solution. After corrosion initiation (1% chlorides related to cement content), the migratory inhibitor was applied in two slabs and all the specimens were exposed to an urban atmosphere in the city of Lisbon during five years. No product was applied in two slabs which were used as control. i corr was measured in the first year of exposure and after five years directly in steel rebars with a Geocor 06 device. Penetrability in concrete. Penetration depths of the migratory inhibitor in concrete were evaluated by SEM/EDS and by IR spectroscopy, using a JEOL JSM 6400 microscope with a NORAN SERIES II EDS system and a Nicolet Magna 550 Series 2 FTNIR spectrometer.
Results and Discussion
Electrochemical measurements. Corrosion current densities obtained with the two inhibitors in solution are presented in Fig. 2 , as well as the i corr control results obtained in the solution without inhibitor. Table 2 If a comparative expression for the inhibition achieved by each inhibitor is considered (% inhibition): period, whereas migratory inhibitor presented in solution %inhibition=32 and in concrete, in the same conditions, %inhibition=0 and %inhibition=13.
Smaller average i corr values were obtained in chloride contaminated pore solution when admixture and migratory inhibitors were present, which indicates that these products can reduce steel corrosion rate in chloride contaminated concrete ( Table 2 ). The inhibitors were however both less effective in reducing the corrosion rate in concrete tests.
An increase in the corrosion rate occurred in concrete control specimens from 1 st to 5 th year, probably due to changes in local climacteric conditions. The same behaviour was detected in the concrete specimens treated with migratory inhibitor. However, a reduction in corrosion rate was obtained in specimens treated with admixture inhibitor, which shows that this organic inhibitor was effective over a five-year period.
The differences found between the two inhibitors for the same test conditions were related with the fact that migratory inhibitor was added after corrosion initiation. In that circumstances steel surface changed due to the formation of corrosion products layer and different inhibitors performance mechanisms are expected. These results are in agreement with the results obtained by other authors which have also concluded that organic inhibitors used as preventive measure are usually more effective in reducing steel corrosion rate than when they are used as a curative measure in concrete already affected by rebars corrosion, being, in that case, often reported as "ineffective or only slightly effective in reducing the corrosion rate" [1] .
IR spectroscopy. The infrared spectra of the concrete samples extracted at different depths from concrete treated with migratory inhibitor are given in Fig. 3 . The spectrum of the concrete without inhibitor shows bands at 3400 cm -1 , 1450 cm -1 and between 900 and 600 cm -1 , characteristic of calcium hydroxide, carbonate ion and calcium carbonate, respectively. The spectrum also shows a band at 1200 cm -1 attributed to the plasticizing admixture Pozzolith 390N. The spectrum of the migratory inhibitor shows bands characteristic of water at 3600 and 1650 cm -1 , amine groups at 1460 and 1540 cm -1 and hydroxyl groups, between 1000 and 1100 cm -1 and below of 3100 cm -1 . Bands between 1000 and 1100 cm -1 , characteristic of the inorganic phosphate ions, are also observed.
As expected all the spectra of the samples treated with the inhibitor present the bands characteristic of the concrete. However, those of the inhibitor, as the bands between 1000 and 1110 cm -1 , characteristic of the inorganic phosphate ions were only detected at depths of 0.5 and 1.0 cm. Also, in the spectra of the samples treated with the inhibitor and extracted from these depths, the 
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Advanced Materials Forum V band due to the carbonate ion, at 1450 cm -1 , appears deviated to smaller wave numbers values, probably due to the combination of this ion with one of the inhibitor constituents. The spectrum of the sample extracted at 2.0 cm of depth is similar to the concrete spectrum and the presence of migratory inhibitor at rebars depth was not confirmed by this technique. SEM/EDS. SEM/EDS results of concrete powder obtained from concrete surface and from powder extracted at two depths in concrete samples treated with migratory inhibitor are present in Table 3 . Results of concrete without inhibitor application and of dried samples of migratory inhibitor are also presented for comparison. EDS analysis of concrete without inhibitor identified, as expected, silicon, oxygen and calcium as major constituents, as well as carbon, potassium, aluminium and iron in minor proportion (Table  3) . SEM/EDS results also showed that migratory inhibitor is rich in carbon, oxygen, phosphorus and potassium. Phosphorus was not identified in concrete so its presence was used as a way to evaluate the inhibitor penetrability in the concrete samples extracted from different depths - Fig. 4 presents organic formations rich in phosphorus found in concrete treated with the inhibitor.
SEM/EDS analysis of concrete treated with inhibitor only detected phosphorus until 1,0 cm of depth. At 2,0 cm no phosphorus was detected what is consistent with IR results and also indicates that no noticeable amount of migratory inhibitor reached that depth. 
Conclusions
Organic inhibitors have some advantages, such as versatility and cost, when compared to other corrosion protection methods. However, the results of this work showed that more research is needed on the parameters influencing effectiveness of some migrating corrosion inhibitors in order Materials Science Forum Vols. 636-637
to support their use. In fact, different effectiveness in reducing steel rebars corrosion rate was found between two commercial AMA-based corrosion inhibitors, a migratory and an admixture inhibitor, in solutions simulating the electrolyte inside concrete and in a high water-to-cement ratio concrete exposed to natural environmental conditions during a five-year period. Smaller corrosion rates were obtained from steel rebars, when compared with control, when admixture inhibitor was added in all chloride contaminated environments as a preventive measure, resulting in better protection of the steel rebar against corrosion. Concerning migratory inhibitor used as a corrosion curative measure, although smaller corrosion rates, were obtained in simulated concrete pore solution studies, when compared with control, the inhibitor was ineffective or only slightly effective in reducing the corrosion rate in a high water-to-cement ratio concrete exposed to natural environmental conditions during a five-year period. That could be explained taking into account SEM/EDS and IR spectroscopy results that showed that the penetrability of the inhibitor was reduced and it did not reach the rebars.
